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Introduction
Bacterial spot, caused by Xanthomonas arboricola pv. pruni (Xap), is a serious disease that can affect nearly all cultivated Prunus species and their hybrids (EPPO 1997) . It was first described on plum in the USA (Smith 1903) . Xap was also identified on peach and other stone fruits (Rolfs 1915; Dunegan 1932) . The most severe infections have been reported on Japanese plum (Prunus salicina), Korean cherry (Prunus japonica) and plum hybrids, and on peach anddeveloping resistant peach cultivars has expanded in peach breeding programs.
Peach cultivars vary greatly in susceptibility to Xap and the most effective control is through the use of host plant resistance (Werner et al. 1986 ). Unfortunately, many resistant cultivars lack specific desirable fruit and marketing characteristics (Okie 1998) . The breeding program in North Carolina was successful in developing a series of Xap-resistant cultivars, the most resistant of which were "Clayton" and "Candor" (Okie et al. 2008) , through introgressing resistance from the cultivar Elberta into the popular commercial cultivar J. H. Hale (Okie 1998) . Although highly resistant cultivars have been identified (Keil and Fogle 1974; Simeone 1985; Werner et al. 1986 ), considerable variation has been noticed in disease incidence from year to year, and under favorable conditions for infection, all cultivars show at least some symptoms. Integration of a genomics approach with traditional breeding facilitates more efficient introgression of Xap resistance to develop new peach cultivars. A molecular breeding approach via the application of DNA markers, which tag the resistance loci of interest, offers preselection of resistant individuals and, therefore, could accelerate the breeding process. The application of marker-assisted breeding (MAB) requires well-developed genetic resources. Peach is one of the best characterized fruit tree species and serves as a model for genetics studies in Rosaceae and other tree species (Dirlewanger et al. 2004; Shulaev et al. 2008) . The available Prunus reference map (Dirlewanger et al. 2004 ) along with release of peach genome sequence v1 (Sosinski et al. 2010; Arus et al. 2012) and recently developed single nucleotide polymorphism (SNP) genotyping resources (Ahmad et al. 2011; Verde et al. 2012 ) offers vast resources for marker detection and MAB application.
The number of cultivars resistant to bacterial spot released by eastern US breeding programs suggests involvement of dominant genes in Xap resistance (Sherman and Lyrene 1981) . However, the inconsistent levels of leaf and fruit resistance in peach indicate that separate genetic factors might regulate the leaf and fruit resistance (Werner et al. 1986 ). The molecular mechanism of resistance/susceptibility to Xap is not yet clear. Recently, there were several attempts to understand the molecular basis of Xap resistance in Prunus (Yang et al. 2010; Socquet-Juglard et al. 2011) . Our preliminary work (Yang et al. 2010 ) suggested a polygenic nature of Xap resistance in peach. One putative quantitative trait loci (QTL) region was detected on linkage group 4, but the low-density linkage map restricted the QTL analysis and discovery of other QTLs with major effects (Yang 2012) . Additionally, Socquet-Juglard et al. (2011) , using a low-density simple sequence repeat (SSR) linkage map (Dondini et al. 2007) , identified four genomic regions related to Xap resistance in apricot and reported a single QTL on linkage group 5 being of interest for markerassisted selection. However, to date, no tightly linked markers or isolation of genes associated with Xap resistance were reported. Both studies in peach and apricot suffered from low-density linkage maps and not enough diversity between parents to allow for more markers to be analyzed. Recently released peach genome sequence v1 ; www.rosaceae.org) and growing single nucleotide polymorphism marker resources (Ahmad et al. 2011; Verde et al. 2012) facilitate the development of a high-density linkage map and discovery of QTLs associated with important agronomic traits.
Therefore, in the present study, we are reporting the use of the International Peach SNP Consortium (IPSC) 9K peach SNP array v1 ) in developing a highly saturated linkage map and mapping the QTLs responsible for Xap resistance in peach. The mode of inheritance of Xap resistance in peach leaf and fruit and potential for marker-assisted selection will be discussed.
Materials and methods

Plant material
Peach cultivar O'Henry (highly susceptible to Xap) was crossed with Clayton (highly resistant) in 2002 at the USDA-ARS Southeastern Fruit and Tree Nut Lab in Byron, GA. One of the resulting F 1 plants, BY03p2388x, was enclosed in netting during bloom to produce selfpollinated F 2 plants. These F 2 plants were replicated as young seedlings (Okie 1984) and planted in three locations. This "O'Henry" × Clayton (OC) mapping population, consisting of 188 seedling clones, was used for phenotyping of Xap resistance in the field. Clayton is a yellow, melting, freestone peach selected from a "Pekin" × Candor cross in the North Carolina peach breeding program and is one of the most highly resistant cultivars to bacterial spot (X. arboricola pv. pruni). O'Henry is a high-quality, yellow, melting, and freestone peach released in 1968 by Grant Merrill in Red Bluff, California, from an open pollination of "Merrill Bonanza" (Okie 1998) . O'Henry is one of the most susceptible peaches to Xap. The OC population also segregates for flower type and skin pubescence. Clayton has non-showy flowers (Sh/Sh) and is homozygous for pubescence (G/G); O'Henry has showy flowers (sh/sh) and is heterozygous for skin pubescence (G/g), so some of the F 2 s are nectarines (g/g). Showy flower (sh) and glabrous skin (g) are controlled by recessive genes (Blake 1932; Bailey and French 1949 
Assessment of Xap incidence
Bacterial inoculum was prepared by growing virulent isolates of X. arboricola pv. pruni (Xap) on agar medium (sucrose peptone, PDA, nutrient agar, and 1 % glucose or sucrose) for 36-48 h. The cultures were washed off from the media with sterile water, and bacterial suspension with the optical density of 1.0-1.5 or greater (600 nm) was prepared. The bacterial suspension was applied by spraying inoculum on 2-year-old trees in the early spring of 2008 in NC and 2009 in SC from the late petal fall to shuck split stage to ensure the presence of inoculum in each tree. Field response to Xap infection on leaves and fruits in each cycle of evaluation was assessed using the ordinal scale method from 0 (no symptoms on leaves and fruits) to 5 (>50 % diseased leaves or observed defoliation or >50 % fruit surface with spot lesions) described in Yang (2012) . Symptoms on leaves were visually evaluated according to the overall performance of intensity and distribution in the tree for each replicate at both locations. Symptoms on the fruits were also visually evaluated, but only scores of fruits with the highest severity were recorded for QTL analysis. Leaf symptoms were evaluated once a month from May to July during two seasons at two locations, NC (2008 ) and SC (2009 . In 2009 at the NC location, third cycle symptoms (July) were not scored due to inability to distinguish bacterial spot from other disease symptoms and mechanical damage. Fruit symptoms on each tree were evaluated in June 2008 in NC and June 2011 in SC.
DNA isolation and SNP genotyping SNP genotyping was performed on a subset of 63 progeny from the OC population, with the disease response in agreement between the two locations. Isolation of genomic DNA and a subsequent Infinium assay were performed as explained in Verde et al. (2012) . In short, genomic DNA was isolated from fresh young leaves of 63 OC progeny using the E-Z 96 Tissue DNA kit (Omega Bio-Tek, Inc., Norcross, GA, USA), and quantitated with the Quant-iT™ PicoGreen® Assay (Life Technologies, Grand Island, NY, USA) using the Victor multiplate reader (Perkin Elmer, Inc., San Jose, CA, USA). Concentrations were adjusted to a minimum of 50 ng/μl in 5 μl aliquots and submitted to the Research Technology Support Facility at Michigan State University (East Lansing, MI, USA) where the Infinium assay was performed following the manufacturer's protocol (Illumina, Inc.). After amplification, PCR products were hybridized to VeraCode microbeads via the address sequence for detection on a VeraCode BeadXpress Reader. SNP genotypes were scored with the Genotyping Module of GenomeStudio Data Analysis software (Illumina, Inc.) . A GenTrain score of >0.4 and a GenCall 10 % of >0.2 were applied to remove most SNPs that did not cluster (homozygous) or had ambiguous clustering. SNPs homozygous for alternate alleles in two parents as well as SNPs homozygous in one and heterozygous in the other parent were considered for mapping. F 2 population type codes were applied (Van Ooijen 2006) .
Linkage map construction
Linkage analyses were performed using JoinMap 4.1 (Van Ooijen 2006) and R/QTL package (Broman et al. 2003) . The deviations from a Mendelian ratio were tested using a Chisquare goodness-of-fit test (P<0.05) available in JoinMap 4.1. Polymorphic SNP and SSR markers from previous work (Yang et al. 2011) were initially grouped by JoinMap. Each group was then compared to the peach genome v1.0 (GDR, www.rosaceae.org) sequence and edited for the SNP position. Then, each group was separately re-created by R/QTL, using a minimum 6.0 log of odds (LOD) and a maximum 0.35 recombination frequency. The plotting of marker order in each group was accomplished by "plot.rf." The final linkage map was constructed using "ripple" and "mapthis" functions (P<0.005). Marker orders that conflicted with the physical map were adjusted and recalculated based on LOD scores using the "switchorder" function in R/QTL. The map distances were calculated using Kosambi's mapping function (Kosambi 1944) . Accuracy of the linkage map was iteratively checked and confirmed by calculating pairwise recombination fractions across the genome and comparing marker order to the physical location on the peach genome v1.0.
Comparison of the position of the SNPs in the physical and genetic map
The set of SNPs mapped in each linkage group were aligned with their position on the peach genome using MapChart 2.2 (Voorrips 2002) , and colinearity among the linkage and physical map was evaluated.
Statistical analysis
Mean and standard deviation were calculated, and the Xap resistance scores were tested for normality. Broad-sense heritability (H 2 ) of genotypic mean values was estimated using the formula
, where σ g 2 is the genotypic variance, and σ e 2 is the environmental variance as described in Rubio et al. (2010) . Statistical analyses of the datasets were performed using ANOVA in SPSS v.20 (IBM). Significant differences were calculated using the Tukey HSD test at P<0.05.
QTL analysis and mapping of Xap resistance
Xap incidence data, collected for leaf and fruit, were organized in datasets, according to Rubio et al. (2010) . Three monthly data points collected for bacterial spot incidence on leaves for each accession replicate in each season and location and the maximum values for each data point, location, and year were organized into 36 leaf datasets (Supplemental file SM 1). Two leaf datasets from the NC location, C3-NC09LEA and D3-NC09LEA, could not be created since the third cycle scores for 2009 were lacking (see the above "Assessment of Xap incidence"). Three types of maximal scores were included for each location: maximal scores that combined three cycles of rating data points for each replicate; maximal scores that combined two replicates and three cycles of rating data points for each season, and maximal scores that combined all the rating data points for each location. The bacterial spot incidence (most severe symptoms) on peach fruit for each accession replicate was rated once at each location. In addition, the maximal score for each tree was extracted, resulting in six fruit datasets. Due to tree death, not every dataset contained ratings for all 63 trees. In total, 42 datasets were constructed and used for QTL analysis (Table 1 ). Phenotypic data were tested for the normality of distribution using Windows QTL Cartographer V2.5 (Wang et al. 2007 ; http://statgen.ncsu.edu/qtlcart/WQTLCart.htm). Detection of putative QTLs was performed using composite interval mapping (CIM), with a 1,000-permutation test, as described by Rubio et al. (2010) . A nonparametric test based on the Kruskal-Wallis (KW) (Kruglyak and Lander 1995) and multiple regression (MR) with the threshold of 0.5 % were conducted using the MapQTL 6.0 software (Van Ooijen 2009) for data sets that departed from normality. In addition, a less stringent threshold of 5 % was applied in case no putative QTLs were detected by CIM, MR, and/or KW. MR analysis was used to estimate the percentage of phenotypic variation (R 2 ) explained for each individual QTL and for all QTLs (R 2 t).
Candidate gene mapping
Coding sequences were extracted from Xap.Pp.CO-1.2, Xap.Pp.CO-4.1, Xap.Pp.CO-4.2, Xap.Pp.CO-5.1, and Xap.Pp.CO-6.1 QTL regions of peach genome v1 and annotated against the Arabidopsis database (TAIR; www. arabidopsis.org/) using BLAST2GO (Conesa et al. 2005) .
Results
Phenotypic evaluation of resistance to Xap
Leaf symptoms on the highly resistant parent Clayton varied from "1" to "3" in different years and locations; however, no symptoms on the fruit were detected. At the same time, the highly susceptible parent, O'Henry, exhibited high leaf and fruit susceptibility to Xap in both locations and all seasons (score of ≥3) (data not shown). Phenotypic evaluation of Xap leaf incidence was obtained over three seasons, from 2008 to 2011, at two locations, SC and NC (Table 1 ; supplemental figures SM 2 and 3). No significant differences were observed between datasets representing average Xap leaf incidence for replicates in the same evaluation cycles, year, and location. However, significant differences were observed between locations and evaluation years. Xap incidence on leaves was evaluated in both locations only during 2009, and no significant difference between average symptom scores in the same evaluation cycle was observed between the two locations ( Table 1 ). The Xap incidence scores in 24 of 36 leaf, and all six fruit datasets were close to normal distribution at the 5 % level (Table 1) . Four of the non-normal sets used maximal scores ( Table 1) . No individual accession had consistent leaf resistance across the two evaluation seasons and locations. Seven individual accessions showed low Xap incidence on fruit in both SC and NC, but only one, 031, was scored "0" for both locations.
The mean values were generally lower in early evaluation stages, with lowest for A1-SC09LEA (0.73) and C1-NC09LEA (0.55) ( Table 1 ; supplemental files SM 2 and 3). As expected, the highest mean values were scored in datasets representing the maximal disease symptoms with the highest in MaxA-SC11LEA (4.27) ( Table 1 ). The range of symptom scores was wide in both locations and all years, with the narrower scores observed in SC (0-1) and NC (0-2) in 2009 and the widest in SC (1-5) and NC (0-5) in 2011 and 2008, respectively. Effects of environmental factors were evaluated with broad-sense heritability, which ranged from 0.15 (B1-SC09LEA) to 0.84 (MaxD-NC08LEA) in 36 leaf datasets, suggesting that important environmental factors were involved in leaf resistance to Xap (Table 1 ). Higher heritability (over 0.8) for the six fruit datasets, however, suggested minor environmental effects on fruit resistance to Xap infection.
SNP genotyping
The individual sample call rate was of ≥99 % for 63 individual samples and the two parents, except for no. 134 for Each dataset name reflects replication (A, B, C, and D), evaluation (1, 2, and 3), location (SC and NC), year (2008, 2009, and 2011) , and plant organ (LEA and FRU). Maximal leaf and fruit phenotypic data were generated for each replicate from three cycles of rating data, for each season from two replicates and three cycles of rating data, and for each location from all the rating data. Those datasets that show normal distribution are bolded. The critical values for the rejection of normality are 5.99 and 9.21 at the 5 and 1 % levels, respectively. The mean difference is significant at the 0.05 level. Datasets with the same letter are not significantly different. Leaf and fruit datasets are compared separately SC South Carolina, NC North Carolina, LEA leaf, FRU fruit which genotyping was successful for 74. (Fig. 1) . In addition, two SSR markers, ssrPaCITA16 and CPPCT006, were also mapped in linkage groups (LG) 2 and 8, respectively. The average marker density considering 258 markers was 1.63 cM/marker. Among mapped SNP markers, 38 deviated significantly from the Chi-square expectations; 26 (10.1 %) and 12 (4.7 %) at the 5 and 1 % threshold, respectively. The number of unique map positions, mapped on each linkage group, ranged from 15 in LG5 and LG6 to 63 in LG1, with a mean of 27. The average marker density ranged from 0.8 cM/marker in LG6 to 2.4 cM/marker in LG2 and LG5. The
LGs length was variable, with LG1 being the largest, 100.6 cM, and LG6 covering the shortest distance, 12.5 cM. Two gaps larger than 15 cM were observed in LG3 and LG5.
Comparison of the physical and genetic map Linkage positions of the 95 % of SNP markers in the OC linkage map were in agreement with their positions on the pseudomolecules/scaffolds of peach genome v1.0. Six regions in the OC map, involving six markers on LG1, six on LG2, four on LG3, seven on LG7, and two markers on LG8, appeared inverted relative to the physical map (Table 2) . Linkage groups 4, 5, and 6 exhibited high homology with the "dhLovell" physical map. The physical length of the OC linkage map was estimated to cover 63 % of the pseudomolecules/scaffolds of peach genome v1.0 (Table 2) . The physical length was estimated with the largest coverage on scaffold 1 (96 %), and lowest on scaffold 6 (14 %) ( Table 2 ). In addition, the estimated average coverage per marker on the pseudomolecules/scaffolds ranged from 1/200 kb (LG6) to 1/800 kb (LG2) ( (Table 3) . The locations and effects of detected QTLs are summarized in Table 3 and their locations in the linkage groups in Fig. 1 . The phenotypic variation explained by the MR analysis models fitting all the QTLs varied from 15.4 to 56.4 % in leaf datasets and ranged from 33 to 60.7 % in fruit datasets Only 256 SNP markers that were used to represent the map positions were considered for the calculation. One unit of OC genetic map represents 1 cM, while 1 unit of the physical map represents 1 Mb (Table 3 ). The phenotypic variation associated only with leaf resistance to Xap ranged from 16.7 to 54.5 % ( (Table 3) . Only Xap.Pp.OC-1.2 was detected by three datasets from both SC (2011) and one dataset from NC (2009) with phenotypic variance ranging from 33 to 60.7 %. Although Xap.Pp.OC-6.1 was detected only by two datasets from SC (2011) using KW and MR analysis, it was detected by all six fruit datasets using CIM analysis with the LOD threshold lowered at 2.0 (data not shown).
Additive effects were also calculated to speculate the origins of resistance alleles ( The positive values suggested that the resistance alleles originated from the resistant parent Clayton, whereas Xap.Pp.OC-7.1 showed a negative additive value (−0.78), indicating the possible contribution of resistance alleles from the susceptible parent O'Henry. However, the remaining three QTLs showed both positive and negative additive effects and require further investigation to determine the origins of resistant alleles.
Four QTLs, Xap.Pp.OC-4.1 associated only with leaf resistance, Xap.Pp.OC-5.1 associated with resistance in both leaf and fruit, and Xap.Pp.OC-1.2 and Xap.Pp.OC-6.1 associated only with fruit resistance, were considered major, based on the size and stability of additive effect and prior knowledge (Yang 2012) . In addition, the Xap.Pp.OC-4.2 QTL region has also been included in analysis since it was detected by datasets originating from all experimental years of both SC and NC locations.
Co-location of candidate genes and bacterial spot QTLs
Major QTL regions were compared to the peach genome sequence (www.rosaceae.org) and annotated using Arabidopsis genome sequence to identify potential candidate genes associated with resistance to bacterial spot. In Pp.OC-6.1 region, respectively. Thirty of them belong to the nucleotide-binding site leucine-rich repeat (NBS-LRR) gene family. Mildew resistance locus, O 11 (ppa003706m) on scaffold 4 co-located with Xap.Pp.OC-4.1, a major QTL associated with Xap leaf resistance. A protein kinase (ppa015135m) identified in the Xap.Pp.OC-4.2 region could potentially be responsible for bacterial spot leaf resistance. Only one candidate, the NBS-LRR gene (ppb017370m), from the Xap.Pp.OC-5.1 region was presumably associated with resistance in both leaf and fruit. Interestingly, the remaining five candidate genes (ppa011846m, ppa012062m, ppa016381m, ppa019022m, and ppa025746m) were all annotated as disease resistanceresponsive family proteins, which are involved in general disease defense in plants. All the candidate R genes from the two QTL regions, Xap.Pp.OC-1.2 and Xap.Pp.OC-6.1, belong to NBS-LRR resistance genes. Out of 8,144 SNPs available on the IPSC 9K peach SNP array v1, 470 (5.7 %) reside in five major QTL regions on four peach chromosomes/scaffolds, 118 on LG1, 315 on LG4, 21 on LG5, and 16 on LG6, associated with bacterial spot resistance (Supplemental files SM 4-7). Among them, ten SNP markers mapped in OC population, SNP_IGA_411340 (ppa003706m) and SNP_IGA_422191 (ppa014887m) on scaffold 4; and SNP_IGA_680747 (ppa021741m), SNP_ IGA_680857, SNP_IGA_680882, SNP_IGA_680896, SNP_IGA_680901, SNP_IGA_680909, SNP_IGA_ 680953, and SNP_IGA_680959 (ppa024306m) on scaffold 6 (Table 4) , are anchored in coding sequences of candidate R genes. No mapped SNP markers in the OC population were found in coding sequences of candidate R genes on scaffold 1 or 5.
Discussion
OC genetic map
Development of SNP genetic linkage maps and SNP marker resources for peach have recently been published (Ahmad et al. 2011; Martinez-Garcia et al. 2012; Verde et al. 2012; Eduardo et al. 2012) . Estimated SNP frequency of 1/100 in noncoding/intronic and 1/225 in coding/exonic genome regions have been reported (Sargent et al. 2009; Illa et al. 2011) . The IPSC peach 9K SNP v1 array contains 8,144 high-quality SNPs covering all eight peach chromosomes with an average spacing of 26.7 kb between SNPs, which were all detected in exonic regions of peach genome ). In our genetic map, the estimated SNP marker density was ranging from 0.8 to 2.4 cM or from 1/165 Martinez-Garcia et al. 2012) . The accuracy of the highresolution OC genetic map was confirmed through pairwise recombination fractions analysis and comparison with the peach genome assembly v1 (GDR, www.rosaceae.org). Several inversions of SNP marker order (<10 cM) were observed in LG1, LG2, LG3, LG7, and LG8 (Table 2) . Sixty-seven mapped SNP markers exhibited different orientation when compared to peach genome v1.0, similar to 56 SNP markers in Pop-DG map (Martinez-Garcia et al. 2012) . When comparing the positions of anchor markers between T × E and 13 other Prunus maps, Dirlewanger et al. (2004) observed occasional divergences between maps of different species and attributed it to the mapping of different duplicates of markers (RFLPs or SSRs) that have more than one copy in different regions of the Prunus genome. Moreover, order inversions almost always affected pairs of loci that are close together in the T × E map (~10 cM), suggesting that they were rather caused by errors in the assignment of marker order than to inversion of chromosome fragments. Only one major chromosomal rearrangement has been documented in peach, a reciprocal translocation between G6 and G8 which was demonstrated in the F 2 progeny of almond (cv. Garfi) × peach (cv. Nemared) (Jauregui et al. 2001 ) and in the peach F 2 cv. Akame × cv. Juseitou (Yamamoto et al. 2001) . The OC map also has one inverted region larger than 15 cM on the upper part of LG2 ( Table 2 ) that might be due to the translocation of chromosome fragments. Genotyping of more progeny from this population is necessary to support a hypothesis of the chromosome fragment translocation.
Genetic basis of quantitative resistance to Xap
Our study indicates that Xap resistance in peach is a quantitative trait controlled by polygenic factors, which is supported by the evidence in the literature where cultivars reported resistant have quite diverse pedigrees (Okie 1998) . Thus, the rating method applied in our research was 
NBS-LRR resistance gene family -
The predicted R gene accession number is the name of transcript model found in GDR database (www.rosaceae.org) NBS-LRR nucleotide-binding site leucine-rich repeat critical for QTL mapping, and a strong attempt was made to ensure accuracy and precision of the applied score. In each cycle of evaluation, visual symptoms were rated twice on each tree to assess the whole tree performance using the ordinal scale method, which is deemed more reliable and accurate (Bardsley and Ngugi 2010) . Recently, a PCR method for detection of a specific ABC transporter gene of Xap was developed to facilitate detection of disease in the field (Pagani 2004; Palacio-Bielsa et al. 2011) . Maximal score, which was deemed as a good parameter in revealing potential for disease severity development and genetic basis for it in each genotype, was used to detect the potential QTLs (Rubio et al. 2010) . Datasets acquired from each cycle were also used to capture additional QTLs in order to elucidate genetic control of Xap resistance in different environments (Rubio et al. 2010) . Our findings suggest that the leaf and fruit resistance to Xap in peach are regulated by different QTLs, which is in agreement with the report of Werner et al. (1986) . In our study, we detected a total of 14 QTLs involved in Xap resistance. This is higher than the number of genes associated with bacterial spot resistance reported in pepper (six) and tomato (five) (Stall et al. 2009 ), but similar to rice (19) (Nino-Liu et al. 2006) . The QTL Xap.Pp.OC-4.1, with the major effects of R 2 >45 %, was associated only with leaf resistance to Xap and co-localized with the QTL region on LG4 detected in our previous study (Yang 2012) . Furthermore, this QTL region includes the marker AG8A on LG4 of the Prunus resistance map, which is associated with powdery mildew resistance (Lalli et al. 2005) . Another putative Xap.Pp.OC-4.2 co-localizes with the SSR marker BPPCT036 on LG4 of the Prunus resistance map and is also associated with powdery mildew resistance (Lalli et al. 2005) . These findings suggest pleiotropic effects, indicating that this region of the peach genome harbors genes associated with resistance to both bacterial spot and powdery mildew in peach. In addition, Grube et al. (2000) suggested that highly similar R genes may confer resistance to different pathogen types, while highly similar pathogen races may employ different R genes. On the other hand, Xap.Pp.OC-3.1 and Xap.Pp.OC-5.1 were detected by both leaf and fruit datasets and seem to co-localize with the QTLs on LG3 and LG5 also reported in apricot (Socquet-Juglard et al. 2011 ). Higher resolution maps and a set of shared markers between the OC and apricot genetic maps are necessary to confirm if it is indeed the same region in both species responsible for Xap resistance in Prunus. Additionally, two QTLs, Xap.Pp.OC-1.2 and Xap.Pp.OC-6.1, associated only with fruit datasets were also detected in the OC population. These findings reveal the complexity of Xap resistance in peach and suggest existence of different genes involved in leaf and fruit resistance as well as general resistance genes that elicit a resistant response to both leaf and fruit Xap infections in peach.
For seven of the putative QTLs identified in this study, Xap.Pp.CO-1.1, Xap.Pp.CO-1.2, Xap.Pp.CO-1.3, Xap.Pp.CO-2.1, Xap.Pp.CO-4.1, Xap.Pp.CO-6.1, and Xap.Pp.CO-8.2, favorable alleles conferring high resistance were inherited from the resistant parent Clayton as expected, suggesting that breeders were successful in pyramiding resistance genes using only field phenotyping. However, one QTL, Xap.Pp.OC-7.1 with a favorable allele for resistance seems to originate from the susceptible parent O'Henry. The pedigree analysis suggests that the resistant alleles from O'Henry may originate from the grandparent "J. H. Hale," which is a mildly susceptible cultivar. Resistant alleles from susceptible parents were indicated in previous reports for various plant-pathogen interactions (Young et al. 1993; Dirlewanger et al. 1994 Dirlewanger et al. , 1996 Mestries et al. 1998; Keller et al. 1999; Foulongne et al. 2003) . Since O'Henry is highly susceptible to Xap, leaf and fruit results suggest existence of recessive alleles for Xap resistance. Recessive alleles conferring resistance to pathogens have previously been reported in other plant species, such as pepper and tomato (Stall et al. 2009 ) and rice (Nino-Liu et al. 2006) . Among 63 individuals studied, only two, no. 31 and no. 192, have the favorable combination of the major QTLs for bacterial spot resistance in both leaf and fruit and fruit only, respectively. However, further characterization of SNP haplotypes present in the major QTL regions is necessary to help breeders identify strategies for Xap marker-assisted selection (MAS) in peach.
Implications for MAB for bacterial spot in peach Four types of candidate genes associated with resistance to bacterial spot were identified in our study. Thirty candidate R genes were annotated as NBS-LRR type in all the five QTL regions. NBS-LRR proteins are well-known to guard the plant by recognizing pathogen effector proteins and initiating hypersensitive reaction in "gene-for-gene" resistance response. The largest class of R genes involved in disease resistance contain NBS-LRR genes, i.e., 149 in Arabidopsis, 317 in Populus, 480 in rice (Kohler et al. 2008) , and approximately 424 in peach (Yang 2012) . In addition, candidate R gene ppa015135m, detected on scaffold 4, belongs to protein kinases, which are known to trigger the downstream signaling for the induction of race and non-race-specific defense in plants (Romeis 2001) . Several isolated R genes confer protein kinase activities such as Pto in tomato (Martin et al. 1993) , Xa21 in rice (Song et al. 1995) , and FLS2 in Arabidopsis (GomezGomez and Boller 2000). Another interesting candidate gene, detected also on scaffold 4, is mildew resistance locus O 11 (MLO11) (ppa003706m) that belongs to the MLO gene family involved in plant defense against powdery mildew infection reported in barley (Schweizer et al. 2000; Douchkov et al. 2005) , Arabidopsis (Consonni et al. 2006) , tomato (Bai et al. 2008) , and grape (Feechan et al. 2008; Winterhagen et al. 2008) . Moreover, recent reports of a pepper MLO gene related to bacterial and oomycete propagation in pepper and Arabidopsis and involved in cell death process (Kim and Hwang 2012) warrant further investigation into the involvement of candidate gene ppa003706m in bacterial spot resistance in peach. Finally, five of the six candidate R genes detected within the region of Xap.Pp.OC-5.1, major QTL on scaffold 5 associated with resistance in both leaf and fruit, co-located with general pathogenresponsive proteins, such as glucanases, chitinases, and phytoalexins.
Ten mapped SNP markers anchored in candidate R genes, one each in ppa003706m and ppa014887m on scaffold 4 and one in ppa021741m and six in ppa024306m on scaffold 6, are good candidates for MAS/MAB for bacterial spot resistance in Prunus. Further analysis of mean progeny phenotype and SNP haplotypes will provide stronger evidence of their involvement with resistance/susceptibility and suitability for MAS.
Conclusions
Introgression of Xap resistance or tolerance has been initiated in many peach breeding programs. However, the polygenic character of Xap resistance makes traditional breeding time consuming and labor intensive. Five main QTLs were considered for the marker development and future MAB, including Xap.Pp.OC-4.1 and Xap.Pp.OC-4.2 associated only with leaf resistance, Xap.Pp.OC-5.1 associated with both leaf and fruit resistance, and two QTLs, Xap.Pp.OC-1.2 and Xap.Pp.OC-6.1, associated only with fruit resistance. Our study supports breeding strategies for the development of Xap-resistant peach cultivars based on marker-assisted selection of favorable QTLs in advanced generations. It also suggests that an advisable strategy to ensure a stable level of Xap resistance in both leaf and fruit would be to combine favorable alleles at these four QTLs in the same genotype. However, achieving this combination solely through phenotypic selection will be difficult since it is hard to control the environmental conditions and pathogen population in the field. Therefore, development of markers associated with Xap resistance for application in MAB would be very useful in that regard.
